A numerical procedure for analysis of electromagnetic scattering by a hypersonic cone-like body flying in the near space is presented. First, the fluid dynamics equation is numerically solved to obtain the electron density, colliding frequency, and the air temperature around the body. They are used to calculate the complex relative dielectric constants of the plasma sheath. Then the volume-surface integral equation method is adopted to analyze the scattering properties of the body plus the plasma sheath. The Backscattering Radar Cross-Sections (BRCS) for the body flying at different speeds, attack angles, and elevations are examined. Numerical results show that the BRCS at a frequency higher than 300 MHz is only slightly affected if the speed is smaller than 7 Mach. The BRCS at 1 GHz would be significantly reduced if the speed is greater than 7 Mach and is continuously increased, which can be attributed to the absorption by the lossy plasma sheath. Typically, the BRCS is influenced by 5∼10 dBm for a change of attack angle within 0∼15 degrees, or for a change of elevation within 30∼70 km above the ground.
Introduction
In addition to the conventional reentries, more and more hypersonic bodies are emerging in the near space in recent years. Finding, tracking, and identification of these kinds of targets are of great importance for both civil and military purposes. Analysis of scattering properties of these bodies constitutes an essential part to achieve the goals. Compared with the analysis of scattering by motionless or low-speed targets, a great challenge comes from simulating the formation of the plasma sheath when the target is flying at hypervelocity in the near space, for which solving the fluid dynamics equations would be a premise. The plasma sheath should be considered as an extended part of the body. Another challenge involves the electrical large size issue, for which the number of unknowns can be more than one million. For the present problem, the domain under study consists of the perfectly conducting body itself plus the inhomogeneous plasma medium. Heterogeneity of the target and the plasma sheath adds the handling complexity.
Research on the electromagnetic scattering by or propagation through high temperature and high speed air or plasma medium may be dated back to the end of the 1950s [1] [2] [3] . Extensive investigations on the topic were continued in the 1960s [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Formation of plasma wake or sheath due to a hypersonic vehicle was studied in [4, 5] . Analysis of scattering by the plasma wakes by means of asymptotical expansion with the stationary phase method, as well as the approximate Wentzel-Kramers-Brillouin (WKB) method, were carried out by many authors [3, [6] [7] [8] . Scattering properties of an infinite metal cylinder covered with inhomogeneous and anisotropic plasma sheath under the parabolic electron density profile assumption were investigated and reported in [9] [10] [11] [12] . Propagation problems of electromagnetic (EM) waves in the plasma sheath created by a hypersonic vehicle were discussed in [2, 13, 14] . Recently, Dutta et al. revisited the EM propagation in the plasma sheath and proposed a scheme for mitigation of RF blackout [15] . These works were largely qualitative due to the restriction of computing ability in the ages.
With the advents of high-performance computers and high efficient algorithms, numerical techniques were devised to solve the Navier-Stokes equation and the Maxwell equations, giving birth to the computational fluid dynamics (CFD) and the computational electromagnetics (CEM). Now, useful 2 International Journal of Antennas and Propagation CFD tool kit such as the CFD-Fastran is available to simulate the generation of the plasma sheath due to a hypersonic vehicle. In regard to the CEM methods for analysis of scattering by combined conductor with dielectric/plasma medium, a range of approaches were developed, including the finite difference time domain (FDTD) method [16] [17] [18] [19] , the finite element method (FEM) [20] , and the integral equation based method of moments (MoM) [21] [22] [23] . A multilayered thin dielectric sheet (ML-TDS) approximation method was also presented to deal with the plasma sheath scattering problem [24, 25] . However, the distributions of plasma sheath in these papers were assumed, because experiment or simulation data of the plasma sheath was hardly available.
The purpose of the present work is to develop a relatively rigorous procedure to extract the scattering characteristics of a hypersonic object flying in the near space. The meaning of rigorousness is twofold: (i) the data of plasma sheath for a hypersonic cone-like body is obtained by numerically solving the Navier-Stokes equation under some appropriate conditions, rather than being assigned by assumptions, and (ii) the analysis of scattering is based on reliable computational electromagnetics methods, rather than based on approximate analytical evaluations.
Method

Modeling of Plasma Sheath.
When a hypersonic object flies at an extremely high speed, the air around the object is compressed quickly, which produces the flow fields. Collisions between molecules in the flow fields are greatly enhanced due to the high density of the compressed air, which generate a large amount of heat that ionizes the air. The components of air react with each other under the rules of chemical reactions with the help of high temperature, and a kind of inhomogeneous medium that we call the plasma sheath is formed and covers the object. So modeling of the plasma sheath is an essential step for analysis of scattering by hypersonic objects flying in the near space. The modeling would involve three aspects: flow field control model, temperature model, and chemical reaction model.
In regarding to the flow field control model, according to the hydromechanics theory, the flow fields around the object should satisfy the Navier-Stokes (NS) control equation with the condition of chemical nonequilibrium [26] . The NS equation accounts for the basic laws, including the mass, momentum, and energy conservations.
As for the temperature model which describes the thermal state of the physical process, conventional single temperature model which assumes that the translational temperature, rotational temperature, and vibrational temperature are all the same, could not correctly explain the changes of the molecular internal energy. The triple-temperature model is an accurate way to solve the problem, but the computing burden is very heavy. As a compromise, we adopt the Park double temperature model [27] , in which one temperature describes the translational energy and rotational energy of the particles, and the other temperature V describes the vibrational energy and the electron energy of the particles. 
Number
Chemical reaction 1
The chemical reaction model is the key to produce the plasma sheath with the rising of temperature. The air is a kind of mixture which contains many kinds of gas. To simplify the problem, we assume that the air contains seven species, including N 2 , N, O 2 , O, NO, NO + , and e − . They react with each other and finally form the plasma sheath. The chemical reactions of the seven species and the seven reactions model are adopted in the present work as shown in Table 1 , in which M represents the colliding molecules, including N 2 , N, O 2 , O, and NO [28] .
Description of computational methods for the flow fields in great detail is complex and not essential and is omitted here, which may be reported elsewhere. Once the flow fields around the object are resolved, the gas temperature (r) and electron density (r) are obtained. The ionized gas may be taken to be isotropic unmagnetized plasma ( = 1). According to the Boltzmann equation, the complex relative dielectric constant of the plasma can be expressed as [29] 
where is the plasma angular frequency, = 1.38 × 10 −23 is the Boltzmann constant, ](r) is the average collision frequency of electrons with molecules, and the other symbols have their common senses.
Analysis Method for Scattering.
The hypersonic object is supposed to be a perfect electrical conductor (PEC) shaded by the plasma sheath. The incident wave would induce a distribution of surface current J on the object surface and a distribution of equivalent volume current J within the plasma domain . The total scattered field produced by the surface currents and volume currents are expressed as
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where ( ) is the scalar Green's function and G( ) is the dyadic Green's function. The operators of L(J ) and K(J ) are similar, just replacing the integral over the object surface by the integral within the plasma region.
On the object surface, the electric field and magnetic field must satisfy the boundary conditionŝ
By combining these two equations, we obtain the Combined Field Integral Equation (CFIE)
where is a factor satisfying 0 ≤ ≤ 1. Within the plasma domain, the equivalent volume current is related to the total electric field by J = 0 ( − 1)E, or
By substituting (3)∼ (5) into (7) and (8), a set of coupled Volume-Surface Integral Equations (VSIE) to be solved for J and J is constructed. The VSIE methods presented in [21, 22] are employed to solve the set of equations. Once the currents are solved out, the scattered fields can be calculated by (3) . Particularly, we are concerned with evaluating the influences of the plasma sheath on the Backscattering Radar Cross-Section (BRCS).
Simulation Results
In this section, a wealth of simulations are performed to examine the influences of some factors on the morphological feature or pattern of the plasma sheath and its electromagnetic scattering properties. The factors include the velocity, attack angle, and flight height. The computing platform is a high-performance Dell server with 40 processors and 512 GB core memory. Simulation steps are exemplified by using a PEC cone-like body as the hypersonic object. The height of the object is 112.5 cm, and the diameter of its base is 42 cm. The model and sizes are shown in Figure 1 .
Meshing for CFD and CEM Simulations.
In order to solve the problem through numerical methods, appropriately meshing the object surface and plasma domain is essential. However, the meshes for the computational fluid dynamics (CFD) and computational electromagnetics (CEM) are not consistent.
For the simulation of CFD, the computational domain around the object is taken to be about several times larger than the object itself. Here a cylindrical domain with a height of 342 cm and a diameter of 300 cm is used to analyze the flow fields. There are two points that we need to consider. First, hexahedral discretization should be adopted, which is a kind of irregular grid to meet the requirement of chemical reactions in the CFD solver. The irregular hexahedron grids should also be conformal with the object surface. Second, because the flow fields change sharply near the object surface and slowly far away from the object, the meshes must be sufficiently dense near the object and sparse far away. Due to the symmetry of the calculated domain, only half region is needed to be solved for. As a result, a total of 610,151 hexahedral cells have been generated. The meshing for flow field simulation is shown in Figure 2 .
As for the simulation of CEM, the computational domain is the same as that of the flow field analysis. The whole domain is discretized by using tetrahedral cells and the complex relative dielectric constant in each cell is calculated. Those cells whose dielectric constants are very close to that of the air (i.e., | − 1| < 10 −4 ) will not be seen as plasma cells. As a result, though the total amount of tetrahedral cells is very large, the number of efficient plasma cells is only 393,199, which results in a total of 786,398 unknowns by using the Schaubert-Wilton-Glisson (SWG) basis functions [30] . The object surface is discretized with 5,646 triangular patches, which generates 8,469 unknowns by using the RaoWilton-Glisson (RWG) basis functions [31] . The meshing for scattering simulation is shown in Figure 3 . Because the meshes for the CEM and CFD simulations are different, an averaging scheme is used to calculate the complex relative dielectric constant in a CEM cell by using the data in the CFD cells:
in which is th tetrahedral cell for CEM and r is the th point within or near where the CFD data are recorded. in (9) varies with position. Near the object surface, where the CFD cell size is much smaller than the CEM cell size, may be greater than 60. Far away from the object surface, where the CFD cell size could be greater than the CEM cell size, averaging over several nearby cells would be used; that is, is taken to be the number of CFD cells around the CEM cell, which is about 8.
Pattern of Plasma Sheath.
In this subsection, the morphological features of the plasma domain are investigated by changing the flight parameters, including the velocity, attack angle, and flight height. First, a typical distribution for the electron density and a typical distribution for the gas temperature are shown in Figure 4 . The velocity, attack angle, and flight height are taken to be 8 Mach, zero degrees, and 30 km above the ground, respectively. The highest electron density and the highest gas temperature are located near the object head, reaching about 10 19 /m 3 and 3200 K, respectively. Due to the unavailability of real plasma data around the object, checking the accuracy of the simulation results is not practical. However, some qualitative comparison may be made with the measured data in the 1960s [32] . In the experiment, a cone object is flying at 22 Mach and 70 km above the ground. The electron density at a position that is 1.84 cm away from the surface of rear part of the object is measured to be about 3 * 10 17 /m 3 . Our simulation results show that at the same height of 70 km, for the speeds at 10 Mach and 15 Mach, the electron density at the corresponding position is about 8 * 10
16 /m 3 and 2 * 10 17 /m 3 , respectively. We fail to obtain the simulation data for 22 Mach because of insufficient computing resources. Considering the increasing tendency of the electron density with the speed and the difference of our object model with the experiment model, we may think that our simulation results are trustful.
By using (1)-(2), the complex relative dielectric constant can be calculated, which are shown in Figure 5 , where the incident wave frequency has been taken to be 1 GHz. It is seen that the real part is between 0.35 and 1, and the imaginary part is between 0.05 and 0.85. Also, the plasma domain looks quite broad. From these morphological features, we may infer that if the object flies at 8 Mach and 30 km above the ground, the plasma sheath effects on scattering properties at the EM wave frequency 1 GHz would be significant.
To reveal how the velocity affects the formation of the plasma sheath, the velocity is decreased from 8 Mach to 7 Mach. It is found that electron density at 7 Mach would be decreased by two orders of magnitude smaller than that at 8 Mach. The results of the complex relative dielectric constant at 1 GHz are shown in Figure 6 . It looks obvious that though the minimum value of the real part and the maximum value of the imaginary part reach 0.78 and 0.4, respectively, the plasma sheath is formed only within a very small region near the object head and surface. In this case, the impact of the plasma sheath on the scattering properties should be very slight. As a result, we may conclude that the velocity from 7 Mach to 8 Mach is a transition region for the plasma sheath to become prominent, if the incident EM wave frequency is greater than 1 GHz.
To proceed with, the velocity is increased to 10 Mach. The results of the complex relative dielectric constant are shown in Figure 7 . Compared with Figure 5 , obvious changes of both the real part and imaginary part are observed. It appears that they are compressed to become thinner. The minimum value of the real part and the maximum value of the imaginary part reach −0.2 and 1.9, respectively. If the velocity is continuously increased, the plasma sheath would look thinner and thinner until little change would be observed, which may be understood that the gas molecules have been sufficiently ionized. Now, we consider the change of attack angle. The results of the real parts of the complex relative dielectric constants are shown in Figure 8 , as the attack angle is increased from zero degrees to 15 degrees. The velocity and flight height are taken to be 10 Mach and 50 km above the ground, respectively. It is apparent that though the range of values of the relative dielectric constants is almost the same, the patterns of the plasma sheath are changed greatly. Accordingly, the scattering properties would be changed appreciably. Finally, the morphological features of the plasma sheath for the object flying at different heights are studied. Because the components, pressure, and temperature of the air are changing at different height, the dielectric parameters of the formed plasma sheath might change a lot. However, numerical results show that the changes are not as prominent as we thought, as shown in Figure 9 for the object flying at 30 km, 50 km, and 70 km above the ground, respectively. continuously increased, one may imagine that the plasma sheath effect would become weaker and weaker, as the air becomes rarer and rarer.
Analyses of Scattering Properties.
In this subsection, the influences of the plasma sheath on the Backscattering Radar Cross-Section (BRCS) are examined under different flying states.
First, for the object flying at null attack angle and 30 km above the ground, comparisons of the BRCS for a set of velocities are shown in Figure 10 , where the frequency of incident waves is = 1GHz. It can be seen that if the velocity is smaller than 7 Mach, the influences are very slight for both copolarizations. Significant changes take place when the velocity is increased from 7 Mach to 8 Mach. In general, the BRCS are reduced in almost all directions. This may be accounted for the fact that the plasma sheath has absorbed some energy from the incident waves. As the velocity is increased to 10 Mach, the BRCS are reduced in most directions but could be enhanced in some directions. This seems to imply that the total amount of absorbed energy is approaching a steady level.
In view that, according to (1) , as the incident wave frequency decreases, the real part and the imaginary part of the complex relative dielectric constant of the plasma sheath would decrease and increase, respectively, the influence of the plasma sheath on BRCS should be easier to be observed at lower frequencies. Hence, we repeat the scattering simulations by choosing = 300 MHz. For the object flying at 7 Mach, null attack angle, and 30 km above the ground, the BRCS for both copolarizations are shown in Figure 11 , in which comparisons with motionless case are also given. From Figure 11 , we may conclude that the influences of the plasma sheath on the BRCS are insignificant if the object's velocity is smaller than 7 Mach and the incident wave frequency is higher than 300 MHz.
Next, we study the influences of the plasma sheath on the BRCS through the change of attack angles that can cause the asymmetry of plasma distributions. For the object flying at 10 Mach and 50 km above the ground, the comparisons for the attack angles at 0 ∘ , 5 ∘ , 10 ∘ , and 15 ∘ are shown in Figure 12 , in which the incident wave frequency is again taken to be = 1 GHz and the incident plane is parallel to the page ( = 0 ∘ ). The results for the incident plane perpendicular to the page ( = 90 ∘ ) are shown in Figure 13 . From the graphs, we can see that the backscattering RCS are significantly changed due to the attack angles, as much as 5∼15 dBm in almost all directions. Finally, we consider the elevation factor that affects the formation of the plasma sheath through initial air components, temperature, and pressure. The backscattering RCS are shown in Figure 14 for the object flying at three different heights. The velocity, attack angle, and incident wave frequency are taken to be 10 Mach, zero degrees, and 1 GHz, respectively. It is seen that the backscattering RCS for the cases of 30 km and 50 km are almost identical, which are consistent with Figures 9(a) and 9(b) , where the patterns of the plasma sheath look little different. The backscattering RCS for the case of 70 km is larger than that for the other two cases in most directions. This may be interpreted that the absorption is smaller because the air at 70 km high is much thinner than it is at 30 km and 50 km.
Concluding Remarks
A general procedure to simulate the formation of the plasma sheath and the electromagnetic scattering by a hypersonic cone-like object flying in the near space is developed. To resolve the flow fields, the Navies-Stokes equation is solved under the condition of chemical nonequilibrium, along with the Park double temperature model, and the seven species and seven reactions model. It is found that the plasma sheath is not very conspicuous if the object's velocity is smaller than 7 Mach. Radical transition seems to take place when the velocity is increased from 7 Mach to 8 Mach. The patterns of the plasma sheath look quite the same if the flight height is between 30 km and 50 km above the ground, which may be International Journal of Antennas and Propagation explained by the initial conditions that the air components, temperature, and pressure are not significantly different within the range of elevations. To extract the scattering properties of the object along with the plasma sheath, the coupled volume-surface integral equation method is employed. The multilevel fast multiple algorithm is also incorporated to accelerate the computations. Simulation results show that if the object velocity is smaller than 7 Mach, the plasma sheath effects on the Backscattering Radar Cross-Section (BRCS) would be ignorable when the incident wave frequency is higher than 300 MHz. Influences of the plasma sheath on the BRCS for the incident wave frequency at 1 GHz are subjected to radical changes as the object velocity is increased from 7 Mach to 8 Mach. In general, the BRCS would be decreased by 5∼10 dBm in almost all directions because the plasma sheath would absorb some electromagnetic energy. As the velocity is continuously increased, however, the absorption seems to approach a steady level, which may be interpreted that all gas molecules are sufficiently ionized. At last, it is apparent that the present simulation results are preliminary. Further investigations on the topic are called for, including the analyses of flow fields for more realistic objects at different velocities and elevations and the scattering, absorbing, and penetrating properties of the plasma sheath for a range of frequencies.
